Generation of ELF waves by stimulated parametric coupling of two HF waves in the lower ionosphere is considered. In this region the nonlinear force is dominated by the thermal rather than the ponderomotive nonlinearity. It is shown that this results in lowering the pump threshold for complete decay by more than an order of magnitude while achieving efficiencies in excess of those expected on the basis of the Manley-Rowe relations. The lower-frequency mode excited for E region altitudes is the helicon mode, which continues to frequencies below the ion cyclotron frequency because ion-neutral collisions freeze the ion motion. The application of these results to ELF generation in the lower ionosphere, including power estimates for a proof of principle experiment, is discussed.
INTRODUCTION
The interaction of high-power radio waves with the ionospheric plasma is strongly nonlinear. The main nonlinearities arise through the ponderomotive and thermal forces. As a result of the nonlinear interactions, electrostatic (es) and electromagnetic (em) waves with frequencies different from the pump frequency can be generated. A comprehensive review of the subject can be found in a recent monograph [Gurevich, 1978] . The present paper examines the feasibility and the efficiency of utilizing the nonlinearities of the ionospheric plasma to downconvert HF signals to ELF in a controlled fashion. The subject matter, besides its intrinsic scientific merit, has a broad spectrum of applications, ranging from ionospheric and magnetospheric probing to low-frequency submarine communications. The emphasis in this work will be on the nonlinear physics aspects of the interaction, the projected scalings, and the heater requirements for a proof of principle experiment.
Ionospheric heaters have been used•successfully for the generation of VLF and ULF signals [Stubbe and Kopka, 1977; Stubbe et al., 1981; Ferraro et al., 1982] . These experiments induced local modulation of existing ionospheric currents, such as the auroral and equatorial electrojets, by illuminating the current-carrying region with strong HF waves amplitudemodulated at the desired low frequency. The basic physics of the technique, known as nonlinear demodulation or, for historical reasons, ionospheric detection, lies in the fact that the HF wave produces modulated electron heating, which results in modulation of the local conductivity. Natural ionospheric currents which pass through the illuminated region are modulated by the conductivity changes, producing a radiating dipole current pattern [Chang et al., 1981] . The radiated lowfrequency wave couples to the earth-ionosphere waveguide and propagates to long distances with small attenuation [Chang et al., 1981] . The earliest experimental results on nonlinear demodulation were observed during the Soviet heating While the above mechanisms appear to be rather well understood, they are relatively inefficient in downconverting HF power to ELF. In addition the nonlinear demodulation can be applied only in regions of preexisting currents, and the maximum generated signal amplitude is strictly constrained by the local current values. These limitations provoked the search for other more efficient nonlinear mechanisms for ELF generation which are independent of the ambient current. Papadopoulos et al. [1982] considered the possibility of parametric excitation of an Alfv6n or magnetosonic wave in the ionosphere by beating two high-frequency waves (a•x, a•2) with a•x -a•. equal to the frequency of the low-frequency mode (a•3). The process envisioned was essentially a modified stimulated for-ward Brillouin scattering [Liu, 1976] with the Alfv6n wave, instead of an ion acoustic wave, acting as the low-frequency signal. In the language of parametric instabilities the pump (09a) and the idler (092) are HF waves, while the signal (093) was an Alfv6n or magnetosonic mode. In the work by Papadopoulos et al. [1982] the process was considered as collisionless so that the ponderomotive force was the dominant nonlinear force. The power threshold necessary for complete decay can be found by the inverse scattering transform (IST) method [Zakharov and Manakov, 1975; Reiman, 1977; Kaup et al., 1979] . The analysis revealed that for upper F region ionospheric parameters the power threshold necessary to excite Alfvbn waves was very large. In addition the maximum downconversion efficiency was limited by the Manley-Rowe relations [Sagdeev and Galeev, 1969 ] to 093/09•, i.e., less than 10-'* for downconverting 5 MHz to 100 Hz. It was subsequently noted [Papadopoulos et al., 1983] that if the thermal nonlinearity caused by collisional electron heating [Berger et al., 1975; Gurevich, 1978] dominates over the ponderomotive force, the downconversion efficiency is increased by a factor v/093 where v is the electron collision frequency. Furthermore, the power threshold required for complete decay is reduced by a comparable v/093 factor. Since the values of v are larger for the lower ionosphere (i.e., E region), it is advantageous to consider the interaction in this region.
In this paper we examine the ELF generation in the ionospheric E region by the beating of two HF heaters. In the next section we discuss the ELF plasma eigenmodes in the E region where the two HF pumps will couple and derive the equations describing the nonlinear interaction of the three wave packets.
It is noted that for altitudes below 150 km the ion-neutral collision frequency (v3) is larger than the ion cyclotron frequency (%0, thereby not allowing the existence of proper Alfvbn or magnetosonic eigenmodes. It is then found that the viscous ion damping (v 3 • 09•) freezes the ion motion and allows the whistler mode to continue as a helicon [Aigrain, 1961-1, a right-hand polarized mode, to frequencies 093 ( %-In section 3 we extend the work performed on threshold conditions and power transfer efficiency in collisionless threewave packet interactions to the collisional regime. This section includes many novel and rather profound physical issues. Section 4 uses the mathematical and numerical conclusions of section 3 to compute the power and electric field threshold conditions for ELF generation in the lower ionosphere by two HF pumps under steady state conditions and to discuss the antenna requirements for a proof of principle experiment. The final section summarizes our results, stresses their limitations, and outlines potential improvements and extensions.
NONLINEAR INTERACTION OF Two HF

WaVE P^CI•TS WITH ^N ELF WaVE
IN THE LOWER IONOSPHERE
We assume first that the two interacting high-frequency waves have 09•, 092 >> 09ce, where %e is the electron cyclotron frequency. In this case the plasma behaves isotropically, so that the dielectric tensors e•,2 of the two waves are diagonal, i.e., e•,2I. In the fluid approximation the dispersion relation is regardless of the 093/%• ratio. This is similar to the whistler dispersion found above for 093 > %i; it is the helicon mode (C. R. Menyuk and K. Papadopoulos, private communication, 1984) . In this case, contrary to case 1 above, the current is carried by the electrons while the ions are viscously frozen. In this sense it is analogous to the well-known helicon wave in solid-state physics [Aigrain, 1961] in which the current is carried by the free electrons, while the ion motion is frozen by the lattice. Referring to the excitation of ELF waves below 100 Hz in the lower ionosphere, it is obvious that the relevant mode is the helicon rather than the Alfv6n mode, to which we shall restrict our attention.
Our starting point for the derivation of the nonlinear currents that couple the three modes is the warm collisional electron fluid equations I-Gurevich, 1978; Perkins and Goldman, 1981] • =_ e E+ -vve (20) form the basic equations of our problem. In the next section we will use them to determine the transfer efficiency during the steady state interaction of the three wave packets.
THRESHOLD CONDITIONS AND TRANSFER EFFICIENCY FOR THREE-WAVE PACKET INTERACTIONS IN DISSIPATIVE
SYSTEMS
Before attempting to solve (26) for the situation under study, it is worthwhile to review briefly the previous work on the subject, which, owing to its rather mathematical nature, might not have reached the ionospheric community. In the collisionless case (i.e., v = 0), the coupling coefficients are symmetric, and the set of equations (24) has an infinite set of invariants. This allows for the use of inverse scattering transform (!ST) techniques [Ablowitz and Segur, 1981] . The onedimensional version of (24) [Zakharov and Manakov, 1975; Reiman, 1977; Kaup et al., 1979] has been extensively studied in the literature using IST, and the results were confirmed by numerical solutions. As noted before, the two-dimensional steady state equations (26) are equivalent to the transformed one-dimensional space-time equations. Therefore the results of the one-dimensional space-time problem can be directly applied to our practical problem. An important result of the one-dimensional space-time collisionless analysis is the fact that the threshold value required for pump depletion is equivalent to the pump amplitude required to achieve an absolute instability within its width L [Reiman, 1977] .
For collisionless three-wave interactions, the eigenvalue problem which determines the conditions for absolute instability in a rectangular pump is well known (i.e., the backward wave oscillator) [Bobroff and Haus, 1967] . Taking the pump inhomogeneity to be along x, the instability is absolute if equation (28b) defines the pump threshold for the absolute instability to occur within a width L. We demonstrate below that for the strongly collisional case (v/to 3 >> 1), similar considerations apply. Note that, however, since the coupling coefficients are by a factor v/to 3 larger, the required pump levels are smaller by the same factor. In addition the transfer efficiency increases by the same factor. Notice that because of the dissipative nature of the system, IST techniques are not applicable, so that one has to resort to numerical techniques.
The linear equations for the eigenvalue problem that determine absolute instability when one considers the initial stage of the interaction during which the pump is large, a• >> a2, a 3, are given by the one-dimensional version of (24b) and (24c).
Here only the evolution of the decay waves is important, so Notice that the value of $ dx lal 2 is nothing more than the wave action (i.e., number of quanta). In the collisionless limit, the sums S12 and S13 of the actions and the total energy Er are time invariant. Equations (38) with zero on the right-hand side are commonly referred to as the Manley-Rowe relations. A direct consequence of these relations is the limitation on the downconversion efficiency from the pump (c01) to the signal (663) to a value smaller than or equal to 663/661. Extensions of these results to the case of weakly dissipative systems with ponderomotive nonlinearity (i.e., F•/% << 1) rely on the approximate conservation of S12, S13, and Er for them to be solvable by IST. The IST results have been compared with numerical solutions of (24) with v = 0 and found to agree.
They give the same 663/661 downconversion efficiency [Liu, 1976] . In order to examine the effect of the thermal nonlinearity we solve numerically the system of equations (24) Using the above initial conditions, the coupled system of equations (24) is numerically integrated forward in time. Figure 2 shows the time-asymptotic behavior at t -25.0. We observe that pump depletion occurs in both interactions. In the collisionless case, the decay waves emerge as symmetric pulses. They are identified as solitons, as predicted by the IST solutions [Kaup et al., 1979]. They are consistent with the Manley-Rowe relations, which predict an asymptotic state with la2l/la31 • 1 for pump depletion. On the other hand, the collisional interaction exhibits nonsymmetric pulses with a 3 )) a2, which suggests a rather different action transfer picture than that described by the Manley-Rowe relations. We have plotted in Figure 3 the percentage change of S12 and Sx3 with time. While there is a moderate decrease in S12, the increase in S13 is dramatic. The preferential transfer of action to a 3 is understandable in view of the large factor v/663 in the lowfrequency equation as compared to the small correction v/cox in the equation for a2. Physically, the enhancement is due to additional 663 photons that are being generated at a large rate via the temperature perturbation as a result of electron heating by the high-frequency waves. This is achieved at the expense of the total energy '•'r, which suffers a net loss to the medium as evident by the long-time decrease shown in Figure  3 . In comparison, the corresponding collisionless interaction displays no noticeable change in any of the three quantities considered. 
The threshold power scales linearly with frequency, so that it is smaller for the lowest frequencies for which the analysis is applicable. The optimum interaction region height can be found by maximizing the product noN. This is due to the weak dependence of the terms (O,)l/O,)pe) and (k2x/k3x) on the exact plasma parameters. We will further elaborate on these later on.
We proceed next to use the above equations in the design of a proof of principle ionospheric heating experiment. For convenience our estimates refer to the case where the magnetic field is perpendicular to the density gradient ( Figure 5 ). This might not be the optimal case. Determination of the optimal geometry requires generalization of our calculation to include the effects of pump propagation between the ground and the interaction region, and the inhomogeneous structure of the pump near the reflection surface. These issues are currently under study and will be reported elsewhere. Before comparing the threshold conditions for the nonlinear interaction we examine the type of low-frequency waves of interest for our particular application. The dispersion relation for the lowfrequency ionospheric modes was discussed in section 2. Referring to typical ionospheric conditions [Gurevich, 1978] , we note that the ion-neutral collision frequency v3 is greater than Wci • 220 rad/s for altitudes below 130 km, which is the region of interest in the present work. Therefore to excite lowfrequency waves below 100 Hz, we must couple nonlinearly to the newly discovered helicon branch given by (7). As discussed in section 2, this branch occupies the range co 3 < v3 and extends to very low frequencies. It is important to notice that contrary to the conventional situation, where the currents associated with the low-frequency waves are carried by the ions, in the helicon branch the currents are carried by the electrons. The ion dynamics is viscously frozen because of the high collisionality (v3 > %0. Under these circumstances the Alfv6n and magnetosonic modes are not proper eigenmodes. Figure 5 is a schematic of the geometry in which two HF waves (co x, kx), (w2, k2) interact nonlinearly in the ionosphere to drive a helicon with w 3 < v3. The HF pump is incident at a small angle to Bo with a beam width equal to or smaller than the local density scale length Ln. For cox, co2 >> w 3 the resonance conditions (11) yield a k3 that propagates almost directly downward. Such an interaction configuration can be achieved by grazing incidence of the HF beams at the desired ionospheric height (Figure 6) . Approximate values of the required power can be found from (50), by taking k2x/k3x • 0.5, t e • 10 3 øK, and (D1/(Dpe • 2. The value of cox/COve • 2 implies a 30 ø incidence angle of the transmitter, which is sufficient to achieve long propagation paths [Ginzburg, 1970] . Using these values, (50) becomes PmR---62(105cm-3.)(10X2c f3 ) MW (51) no N 100 Hz Table 1 power is required. We would like to stress that the values in Table 1 The last column gives the required pump frequency (based on equation (51 )).
effects of oblique propagation of the pump from the ground to the ionosphere, the inhomogeneous structure of the pump in the interaction region, the inhomogeneous structure of the ionosphere, and a self-consistent description of the electron heating will be required to support proper experimental effort. Meanwhile the paper should be used as a guide to the physics expected during the interaction and the approximate design of ionospheric heaters required for a proof of principle experi- 
